Observation of strong electron dephasing in disordered Cu93Ge4Au3 thin films 
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We report the observation of strong electron dephasing in a series of disordered Cu93Ge4Au3 thin 
films. A very short electron dephasing time possessing very weak temperature dependence around 6 
K, followed by an upturn with further decrease in temperature below 4 K, is found. The upturn is 
progressively more pronounced in more disordered samples. Moreover, a InT dependent, but high- 
magnetic-field-insensitive, resistance rise persisting from above 10 K down to 30 mK is observed in 
the films. These results suggest a nonmagnetic dephasing process which is stronger than any known 
mechanism and may originate from the coupling of conduction electrons to dynamic defects. 

PACS numbers: 72.10.Fk, 73.20.Fz, 73.23.-b 



The electron dephasing time, r^, is the key quantity 
in the mesoscopic physics. Recently, intense theoretical 
[U, 0, i, i, H and experimental [1 0, d, i] efforts have 
been made to address the low temperature behavior of T^p. 
In particular, the issue of whether the value of r,^ should 
saturate or diverge as T — > K is being discussed. A 
"saturated" would imply a breakdown of the Fermi- 
liquid picture in a mesoscopic system at very low T Q. 
The inelastic scattering between the conduction electrons 
and a localized moment in a metal host containing dilute 
magnetic impurities has recently been intensely studied 
in this context 0, El [O, El [ll, El . It has also been 
argued if intrinsic electron processes might lead to a sat- 
uration in T^{T ^ Q) [l|. In addition, there are theories 
suggesting that materials properties associated with dy- 
namical structural defects may cause profound dephas- 
ing at low T 0, i, i, i]. Despite these different propos- 
als, it is accepted that the responsible electron dephasing 
processes in (comparatively) highly and weakly disordered 
metals are dissimilar jsLlsl-flsll. That is, while it is realized 
that magnetic scattering is important in weakly disor- 
dered metals , a different mechanism is believed to be 
relevant for the weak T dependence of Tip found in more 
disordered alloys [H E3, El, El, [l^l ■ Thus, to understand 
the issue of the interactions between conduction electrons 
and low-lying excitations, and, more importantly, to re- 
solve the low-T dephasing problem, information about 
T^p in highly disordered metals is indispensable. In this 
work, we have measured as a function of T and the 
sheet resistance, in a series of two-dimensional (2D) 
Cu93Ge4Au3 thin films. Our values of the electron diffu- 
sion constant D {oi , p is the resistivity) are a factor 
^ several tens smaller than those [D m 100—200 cmVs) 
in the metal wires recently studied in Refs. 3, SE1)E3|- 
Our results provide strong evidence that the origin for 
the saturation in r^p is nonmagnetic. 

We have chosen Cu93Ge4Au3 (CuGcAu for short) as 
our system material. Ge atoms were doped into the Cu 
host mainly to increase the impurity scattering to en- 
hance the weak-localization (WL) effects, while Au atoms 




FIG. 1: (color online) Perpendicular MRs for a Cug3Ge4Au3 
thin film at several temperatures as indicated. The dotted 
curves are the 2D WL theoretical predictions. 



were doped mainly to introduce spin-orbit scattering. In 
the limit of strong spin-orbit scattering, becomes the 
only free parameter in the comparison of the experimen- 
tal magnetoresistances (MRs) with the WL theory [2ll |. 
making the extraction of highly reliable. (Good fits 
of the 2D WL theories to our measured perpendicular 
MRs were obtained for all films, and are shown for a rep- 
resentative film in Fig. [TJ) The starting CuGeAu target 
was intentionally chosen to be only of a "medium" purity 
(99.99%) while, on the other hand, the spectrographic 
analysis of the target indicated low levels of 4 (Fe), 0.3 
(Mn) and 0.003 (Cr) ppm of magnetic impurities. 

Our films were made by dc sputtering deposition on 
glass substrates held at ambient temperature. The de- 
position rate was adjusted to tune the level of disorder 
of the films. The films were of meander shape, defined 
by either a mechanical mask or photolithography, with 
typical length of > 5.7 mm, width of ~ 0.1 mm, and 
thickness of either « 147±3 or 195±5 A. Our values of 
i?n(9K) varied from 9.14 to 62.9 Vl, corresponding to 
D K, 4—25 cm^/s and kpl ~ 10—65 {kp is the Fermi 
wave number, and I is the electron mean free path). 
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FIG. 2: (color online) r.^ as a function of T for CuGeAu thin 
films with Rn{9K) (from bottom up) = 9.14, 9.66, 14.7, 16.1, 
19.3, 23.7, 26.0, 33.6, 38.8, and 62.9 Q. Except for the lowest 
two curves, each other curve has been consecutively shifted up 
by a value of 0.002 ns from its lower-neighbor curve. The inset 
shows the variation of the measured r,p(0.4K) and r,p(6K) 
with _Rn(9K). The solid lines are guides to the eye. 



Here D = vpl/i was evaluated using the Fermi veloc- 
ity vf{G\x) = 1.57 X 10^ m/s, and I was computed us- 
ing pi ~ 6.4 X 10^* pilcm for Cu. The resistance ratio 
i?n(300K)/i?n(9K) = 1.1042-1.1109. For complemen- 
tariness, we have also studied a few 3D (> 0.5 fim thick) 
films made from the same target, whose resistivity ra- 
tio p(300K)/p(10K) = 1.047-1.070. Such low values of 
residual resistance ratios reflect that our sputtered sam- 
ples must contain large amounts of (structural) defects. 
To avoid electron overheating, the condition for equilib- 
rium eVs <^ ksT was assured in all resistance and MR 
measurements, where Vs is the applied voltage across the 
energy relaxation length [l^ . 

Figure shows the main result of this work, i.e., the 
measured as a function of T for a series of thin films 
with different values of i?n. In Fig. [2l the values of r^p for 
each film have been vertically shifted for clarity (notice 
that i?n increases progressively from the bottom to the 
top) . One of the most distinct features revealed in Fig. [2] 
is that possesses a very weak T dependence around 6 
K, being very shorty and has a very similar magnitude in 
this "plateau" regime. The inset indicates an almost con- 



electron-phonon (e-p) scattering rate, T~p oc [24I, is 
found to be important only at T > 10 K. On the other 
hand, we note that the 2D electron-electron (e-e) scat- 
tering rate, , which is often the dominant dephasing 
process in thin films at low T [2^, is 2 to 3 orders of 
magnitude smaller than the measured shown in Fi, 



[21 and thus can be ignored in the following analysis |2j 

As a first check of the T dependence of our measured 
Tip below 5 K, we write an effective power law t^^ oc 
and compare it with our data to extract the value of p. 
We found that, even in the two most disordered films 
[i?n(9K) = 38.8 and 62.9 il] where the upturn is most 
profound, the value of p is still small (« 0.57±0.06). In 
other less disordered films, p is even much smaller, being 
close to zero in our cleanest films. In all cases, our val- 
ues of p are markedly lower than that {p = 1) recently 
predicted in the theory for soft local defects induced de- 
phasing at temperatures below the "plateau" regime [H]- 
Concerning the observation of a very weak T depen- 
dent Tip , one immediately suspects if such behavior might 
be due to spin-spin scattering in the presence of dilute 
magnetic impurities. As a quick check, we notice that 
Cu could possibly contain trace Cr, Mn, or Fe impurities 
and form Kondo alloys. In a Kondo system, the magnetic 
scattering rate, t~^, is maximum at T = Tk, where also a 
"plateau" in the dephasing time, tP'^'*''^^, often appears. 
Based on the Nagaoka-Suhl (NS) expression [2^, Pierre 
et al. [| pointed out that for Cu, t?''^'''^" = {cm/irhv)-'^ 
~ (0.6/cm) ns, where Cm is the magnetic impurity con- 
centration in ppm, and v is the total electron density of 
states at the Fermi level. Then, our experimental value 
of Tip{6 K) « 0.002—0.003 ns would imply a level of Cm ~ 
200—300 ppm in the samples, if our measured t~^ were 
directly ascribed to t,^^. Such a level of c„i is obviously 
too high to be realistic. 

Recently, new theories have been established and it is 
realized that the NS result for t~^ need be revised. The 
new calculations of Zarand et al. fioj] and Micklitz et al. 
pT| for spin S — ^ impurities have confirmed that the 
scattering rate is maximum at T = Tk. Their cor- 
rected peak scattering rate is « 8% lower than the NS 
prediction. So the estimate of Cm given above will not be 
substantially altered even if one applies the new theory. 
In fact, for all T, the Zarand-Micklitz (ZM) theory pre- 
dicts a below the corresponding NS scattering rate. 
The later is in turn below our experimental scattering 
rate (at low temperatures, see Fig. |3]). 

To unravel the intriguing dephasing mechanism re- 
sponsible for our measured t,^, we carry out further quan- 
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stant T^(6 K) « 0.002-0.003 ns for all films. The second titative analysis below. Assuming that our measured t, 
distinct feature is that there is an upturn in T,p with de- 
creasing T below about 4 K. In particular, the upturn is 
sample dependent, being progressively stronger in dirtier 
films. The inset shows our measured values of r<p(0.4K) 
and r^(6K) versus i?n(9K). It depicts that r^(0.4K) 
monotonically increases with increasing disorder. Such 
upturn behavior is not seen in those recent measurements 
on weakly disordered samples @, [l^ [l3| ■ Thirdly, the 



re- 



between 0.3 and 25 K is given by 

call that Tg"^ is totally negligible), where Tq^ denotes a 
yet-to-be identified dephasing rate, and the e-p coupling 
strength Agp can be determined from the high-T part of 
the measured [l^l ■ In Fig. [3l we plot the variation of 
Tq^ with T for two representative films. Figure [3] clearly 
reveals a maximum in Tq^ at a characteristic temper- 
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FIG. 3: (color online) Tq^ as a function of T for two CuGcAu 
thin films. The solid symbols are the experimental data and 
the open symbols are the Nagaoka-Suhl expression, see text. 
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ature which we denote as T^. (We will see later that 
this cannot be identified with the Kondo tempera- 
ture Tff.) Below T^, one sees that the T dependence of 
Tq^ is much stronger for the higher R^j film, as can be 
expected from the above discussion that the exponent p 
decreases with decreasing R[j. 

Since at T > Tjf , the ZM theory essentially re- 

produces the conventional wisdom, we first c omp are our 
experimental Tq^ with the NS expression [H, [2y| for the 
temperature range T > T^. In plotting the NS approxi- 
mations in Fig. [3l we have adjusted the free parameters 
(T^, Cm, and the local spin S) so that the theory repro- 
duced the experiment at T > T^. Figure [3] illustrates 
that the NS expression can describe our measurements 
down to slightly below T^. However, inspection of the 
fitted values indicates that such agreement is spurious, 
because such good fits can only be achieved by using 
unrealistic values for the adjusting parameters. For ex- 
ample, a local spin of 5 = 0.12 (0.082) and = 7.2 
(4.75) K had to be used for the i?n(9K) = 38.3 (16.1) 
n film. Using = i or any larger value can never re- 
produce our data. Moreover, if we ascribe the measured 
(tq^)™°^ to T^^{T = Tk), an unreasonably large value 
of c 



FIG. 4; (color online) (a) Variation of i?n with T for a thin 
film, (b) Variation of p with T for a thick film. Inset: 
Ap(r)/p(10K) = [p(r) - p(10K]/p(10K) as a function of 
T for two thick films. 



the i?n reveals a InT behavior all the way down to 50 
mK. There is not even a sign of a crossover to a satura- 
tion characterizing a Kondo system in the unitary limit 
[28j . In fact, if there were Cm ^ 200 ppm in the 
films, we should have been in a spin-glass state at low 
T < Tk and a marked decrease in i?n should be ob- 
served as the local moments freeze into a collective state 
[2^. Moreover, in the presence of a large magnetic field 
B ^ ksT/g^B {fJ-B is the Bohr magneton), the local 
spins should be aligned and a notable decrease in R^j 
should occur at low T [HI. However, none of these fea- 
tures are found in Fig. [DJa). Thus, our _/?□ as a function 
of T and B does not support a picture based on magnetic 
impurities. 

Usually, a InT increase in R\j in thin metal films may 
be due to WL and e-e interaction (EEI) effects, and 
the resistance rise can be written as Ai?n(T)/i?^ 



= 200-300 ppm will be inferred, implying that an _c,^(e2/2^2^) InT, where ar = ap + (1 - F'). The pa 



unusually strong Tq is entirely dominating over the e-p 
and e-e scattering in our films in this T range. (If we 
apply the ZM theory [lS[lH, the estimate for Cm would 
be even higher by « 8%.) Although accidentally formed 
CuO on the film surfaces may have S = 1 spin \t?\ , one 
would not expect a huge Cm > 200 ppm to result from 
such oxidation. Besides, there is no known Cu based 
Kondo alloys which have values of Tk around « 5—7 K. 
Thus, in all aspects, it is certainly impossible to ascribed 
our measured Tq^ to magnetic scattering. 

Another decisive way of checking whether magnetic 
impurities might exist to a degree in the samples is to 
explore if the variation of resistance with T reveals any 
Kondo or spin-glass behavior. Figure[4Ua) shows the vari- 
ation of i?n with T for a representative thin film in zero 
field and in a high perpendicular magnetic field B. This 
figure clearly indicates that, both in _B = and 9 T, 



rameter ap characterizes the WL effect and 1—F' the EEI 
effect. For disordered metal films in the limit of strong 
spin-orbit interaction, the screening factor F' is small 
(typically, < 0.1) and the EEI effect dominates the resis- 
tance rise while the WL contribution is negligibly small 
[23| . Then, these two effects would cause a maximum 
resistance rise with a slope ax — 1. For all the thin films 
studied in this work, we obtain ax = 1-33 ± 0.13. This 
value is systematically larger than unity, strongly imply- 
ing that there must be an extra mechanism which also 
contributes to the InT rise in R\j. This additional con- 
tribution is, however, insensitive to high magnetic fields. 

To further illuminate this anomalous InT resistance 
rise, we have also made a few thick films from the same 
sputtering target under similar deposition conditions and 
measured the resistance. Figure Sl^b) shows the variation 
of p with T for a representative thick film in zero field 
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and in perpendicular magnetic fields. Usually, for a dis- 
ordered bulk metal, one expects to see a resistance rise 
obeying a -VT law [H]. This fi gure, however, reveals 
a strict InT behavior down to 30 mK, indicating some 
mechanism being dominating over the 3D EEI effect in 
our samples. (The inset demonstrates that the InT law 
is robust, persisting up to > 10 K.) Moreover, there is 
definitely no sign of a saturated (decreased) resistance 
signifying the presence of the Kondo (spin-glass) behav- 
ior. Also similar to the case of thin films, there is no 
evidence of profound negative MRs in the presence of a 
high B. These results strongly suggest that magnetic 
scattering, if any exists, could not be the primary mech- 
anism in our samples. On the other hand, it has recently 
been reported that scattering of electrons off two-level 
systems can cause a InT and high-_B-insensitive varia- 
tion of the resistance down to very low temperatures [soj . 
Our results in Fig. 3] are in line with this observation. 
If dynamic defects are somehow abound in our sputtered 
films, then it is natural to ask to what extent such defects 
can contribute to dephasing 0, |3, IH, [3l| . 

Theoretically, for highly disordered 3D systems, a 
possessing a very weak T dependence in a certain tem- 
perature interval and then crossing over to a slow in- 
crease with decreasing T has recently been predicted in 
a model based on tunneling states of dynamical struc- 
tural defects t^]. This model also predicts a "counterin- 
tuitive" scaling Tip oc p in the plateau-like region. Our 
observations in Fig. [2] essentially mimic these qualita- 
tive features. How this theory may be generalized to the 



2D case should be of great interest. Experimentally, a 
scaling (x (ex p) for a good number of 3D poly- 
crystalline alloys has recently been reported by Lin and 
Kao 2(f|. A dephasing time t^(IGK) increasing with dis- 
order (kpl)~-^ has been reported for 3D In203_:r thick 
films [13, and a ry(4.2K) cx p has been reported for 
2D In203_x thin films by Ovadyahu. Those results 
and Fig. [5] may indicate some generality of the dynamic 
defects in causing dephasing at low T [4, 5] . This, yet- to- 
be fully understood, nonmagnetic dephasing mechanism 
deserves further theoretical and experimental investiga- 
tions. It should also be reemphasized that the anomalous 
dephasing time found in the present work is 2 to 3 orders 
of magnitude shorter than, the 2D e-e scattering time [23| . 

We report the observation of a strong electron dephas- 
ing in disordered Cu93Ge4Au3 thin films. This dephasing 
is much stronger than any known inelastic electron scat- 
tering process. Our observation of a strict InT depen- 
dent, but high-magnctic-field-insensitive, resistance rise 
indicates that this dephasing must be nonmagnetic in 
origin. The recent theoretical concept [1, [1| of the dy- 
namic defects is qualitatively in line with our result. This 
work provides key information for uncovering the long- 
standing saturation problem of in mesoscopic systems. 
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